INTRODUCTION
Artificial incubation has become an essential part of any commercial poultry enterprise 3 . Ideally, every fertile egg should produce a healthy hatchling. In reality this situation is never achieved in a commercial hatchery. Despite substantial advances in incubator design and incubation techniques since the ostrich industry in South Africa began in the 1800s, problems with embryonic mortality during artificial incubation is still one of the main constraints to the development of the ostrich industry world-wide 6, 13 . Optimum incubator temperature used in automatic incubators is normally defined as that required to achieve maximum hatchability 17 . The physiological requirements of the developing ostrich embryo are met by the control of temperature 35 , humidity 30 , gaseous environment 37 and the turning of eggs 36 . Although hatchability of artificially incubated ostrich eggs can reach 80 %, it is typically between 30 % to approximately 60 % 13, 36 . Deeming and Ar 13 have reported hatchability of fertile eggs as low as 11 % in extreme situations. Shell-deaths thus contribute to a large extent to the low hatching rates in the ostrich industry. Embryonic mortality in ostrich eggs usually occurs either early or late in the incubation period, with relative few deaths in mid-term 4 . The age of the female appears to be one of many factors influencing the number of eggs produced as well as hatchability.
Females start egg production at an age of 2-2.5 years and peak egg and chick production are achieved at 8-9 years of age. This peak was followed with a general decline in reproductive performance at greater ages, which was more pronounced for chick production than for egg production 11 . Ostrich females have a longer economic life compared with the other poultry species 22 , therefore making it difficult to compare ostrich breeds with the small domestic poultry species traditionally used for egg production. In both broiler breeders and quail, young females have a higher proportion of early embryonic deaths than mature females 20, 27, 38 . For ostriches the opposite seems to be true in the sense that embryonic survival decreases over successive laying seasons 3 . Ostriches are generally regarded as seasonal breeders, with the commencement of the breeding season coinciding with an increase in photoperiod 22 . According to Lambrechts 23 , peak production for ostriches in the southern hemisphere occurs between winter (July) and summer (January). Genetic make-up is one of the factors influencing the performance of individuals and by selecting for certain traits, genetic improvement may be achieved 26 . Egg quality is also reported to have significant genetic components 29 . Fertility in turkeys is influenced genetically, with strain and variety differences that are apparent 3 . Pre-incubation storage leads to morphological changes in the blastoderm and to a lower growth rate of the embryo in small domestic poultry 16, 24 . Albumen quality is compromised by prolonged storage time 3 . A proportionate increase in early embryonic mortality occurs with an increased storage time of duck and quail eggs 25, 38 . This coincides with results of Deeming and Ar 13 , reporting a lower hatchability in ostrich eggs that could be attributed to an increase in early mortalities for eggs stored between 12 and 14 days. Ar and Gefen 2 , Badley 3 , Sahan et al. 28 and Hassan et al. 19 also reported an increase in early embryonic mortalities for eggs stored for extended periods, up to 10 days and longer.
The main objective of the present study was to investigate non-infectious factors that potentially influence embryonic mortality in ostrich eggs, specifically genotype, female age, year and season of production, storage time prior to setting eggs in the incubator and the incubator used.
MATERIALS AND METHODS

Animals
Eggs were derived from the commercial ostrich breeding flock maintained at the Oudtshoorn Experimental farm in the Klein Karoo region of South Africa. The origin of the ostrich flock and the general management procedures implemented have been described previously 8, 32 . Data for this study were derived from the 1998-2006 breeding seasons. In total, 48 027 eggs were produced by the flock during this period. The data were edited to exclude infertile eggs (n = 10 173), eggs not set because of breakages and cracks in the shell (n = 1495), eggs with defects, i.e. too small, soft or chalky shells, etc. (n = 805) and eggs not set for various other reasons (n = 1178). The latter category included eggs left as nest eggs, eggs left with breeding pairs that were used for chick rearing, as well as eggs used in other experiments. Details regarding the genotype, female age, date of lay, year and season of lay, storage time, and specific incubator used were known for individual eggs and were evaluated for the remaining 37 740 eggs in an attempt to derive robust trends involving the influence of various non-infectious factors on embryonic mortality.
Unless specified otherwise, each breeding bird received a ration of 2.5 kg dry matter per day throughout the breeding season, which lasted from the beginning of June until the end of January for most years. The exceptions to this were the 1999 breeding season (when the birds were also retained in the breeding paddocks for February) and 2002 (when some breeding pairs were left in the mating paddocks throughout the year, as part of a separate experiment described by Lambrechts 23 10 . The African Incubator ® has a capacity of 1000 eggs and was operated at 36 EC and a RH of 24 %. During incubation, the eggs were turned through an angle of 60E hourly and eggs were treated as described by Van Schalkwyk et al. 36 .
Statistical methods
Overall embryonic deaths were classified as embryonic deaths from 0 to day 21 of incubation (1st half), after 21 days of incubation (2nd half), post-pipping and rotten eggs. Eggs not showing any macroscopic development (blastoderm size <3 mm) were regarded as infertile and those with embryonic development that had ceased (blastoderm size >3 mm) as 1st-half embryonic deaths 36 . It is conceded that infection may have played a role in~1300 rotten eggs. However, no detailed knowledge of the pathogens involved was available. The remainder of deaths could not be related to pathogens, and the deaths were thus referred to as non-infectious.
Chi square procedures were used to assess the effects of genotype, female age, year and season of lay, storage time, as well as of the incubator used 31 . The Bonferoni correction was applied to all analyses, since all analyses involved multiple comparisons. Embryonic deaths during the 2nd half of the incubation period and deaths post-pipping were expressed relative to all fertile eggs, or relative to the eggs still being incubated after candling at 21 days (i.e. after infertile eggs and eggs with embryonic mortalities during the 1st half of the incubation period were removed). Both sets of figures are presented but it needs to be stressed that the conclusions derived from this study were largely independent of this classification.
RESULTS
Genotype
Since the Zimbabwean Blue birds were introduced to the experimental farm during 2003, only the production seasons of 2003-2006 were considered. Eggs produced by South African Black females mated to Zimbabwean Blue males had the lowest proportion of embryonic mortality (0.270; Table 1 ). The latter proportion is significantly lower than those derived for purebred South African Black eggs (0.338) and from an uncharacteristically high proportion of overall embryonic deaths in the South African Black male × Zimbabwean Blue female combination (0.457) (P < 0.05). Embryonic deaths during the 1st half and 2nd half of incubation, as well as rotten eggs were the main contributors to the poor performance of eggs produced by the latter breed combination compared with those eggs produced by Zimbabwean Blue males mated to South African Black females in particular. Overall shell deaths were fairly consistent across seasons for South African Blacks (ranging from 0.331 in summer to 0.341 in the winter), and the 2 crossbred combinations (ranges of 0.267-0.277 in the Zimbabwean Blue × South African Black combination and 0.439-0.472 in the South African Black × Zimbabwean Blue combination). By contrast, embryonic mortalities of pure Zimbabwean Blue eggs were affected by season (χ² = 6.431; degrees of freedom = 3; P < 0.05). Closer scrutiny of the data revealed that embryonic mortalities tended to be lower during summer (0.239) than in winter (0.365) and in spring (0.302). However, no significant differences between seasons were detected after the Bonferoni correction was applied to the data, owing to the low number of eggs produced in summer (n = 61).
Female age
The proportion of overall embryonic mortality increased with female age (P < 0.05; Table 2 ). Both embryonic deaths during the 1st and 2nd half of incubation were proportionally increased in older females, the effect being more pronounced for deaths during the 2nd half of incubation (P < 0.05). Embryonic mortalities belonging to other classifications were less clearly related to female age, although a small number of significant differences were also found for those eggs for which a cause of mortality could not be ascribed (Table 2) . Embryonic mortality post-pipping, and rotten eggs, were largely independent of female age (P > 0.05). However, the eggs produced by the oldest female age category of >10 years appeared to sustain higher levels of spoilage than those produced by some younger age groups (P < 0.05).
Year
Significant variation was found for the overall embryonic survival of eggs produced in different years. Significant (P < 0.05) variation between years was also found for the classified stages and causes of embryonic mortality. These results were not tabled, for reasons that are outlined in the Discussion.
Season
Overall, embryonic mortality was particularly high in a small number of eggs produced during autumn (P < 0.05; Table 3 ). The overall proportion of embryonic deaths was marginally lower (P < 0.05) in eggs produced during summer (December-February) than in eggs produced during winter (June-August), at 0.274 and 0.292, respectively. Compared with the eggs produced out of season during autumn, however, the latter difference is of a small magnitude. Season had no effect on embryonic mortalities that occurred post-pipping (Table 3) .
Storage time
The overall proportions of embryonic mortality were higher (P < 0.05) at 32.0 % in freshly laid eggs that were set directly without storage and in those eggs stored for >6 days (43.5 %; Table 4 ). The deleterious effect of a short storage time was confined to the late embryonic mortalities. Embryonic survival in general (except for deaths post-pipping) was adversely affected by prolonged storage (P < 0.05).
Incubator
Information on the incubator used to incubate specific eggs was not recorded during the 1998 breeding season. The influence of the incubator on embryonic deaths could consequently only be considered for eggs produced subsequently (Table 5) . Overall, embryonic mortalities were higher (57.0 %) for eggs incubated in the African Incubator ® and in those incubated in combinations (38.1 %) (P < 0.05; Table 5 ). The overall embryonic mortality of eggs incubated in the Prohatch ® incubator were also somewhat higher than those incubated in the Buckeye ® or Natureform ® incubators. Shell deaths during the 1st half of incubation were particularly high in the African Incubator ® , whereas shell deaths during the 2nd half of the incubation period were higher in Denote significant (P < 0.05) differences in columns. Critical χ² (P = 0.05) for 3 degrees of freedom = 7.815. *Expressed relative to eggs still being incubated after candling at 21 days. Denote significant (P < 0.05) differences in columns. Critical χ² (P = 0.05) for 9 degrees of freedom = 16.919. *Expressed relative to eggs still being incubated after candling at 21 days.
both the African Incubator ® and in eggs set in combinations of incubators (P < 0.05). Although other significant (P < 0.05) differences between designations were also found for other categories of embryonic deaths, the magnitude of these differences were modest compared to those above. The only category that was not affected by incubator was those deaths that occurred post-pipping, after the eggs had been transferred to the hatcher.
DISCUSSION
Genotype
In the breeding programme, Zimbabwean Blues have been introduced to produce offspring with an improved live weight 14 and an improved carcass weight 5 . However, the effect of crossbreeding on egg production and fertility also needs to be considered. Embryonic mortality as a result of genetic problems can negatively influence hatchability, but such an effect has not yet been recorded in ostriches 3 . The unexpectedly high level of embryonic deaths in the SA Black × Zimbabwean Blue combination is a cause of concern, especially since the best Denote significant (P < 0.05) differences in columns. Critical χ² (P = 0.05) for 3 degrees of freedom = 7.815. *Expressed relative to eggs still being incubated after candling at 21 days. Denote significant (P < 0.05) differences in columns. Critical χ² (P = 0.05) for 7 degrees of freedom = 14.067. *Expressed relative to eggs still being incubated after candling at 21 days. Denote significant (P < 0.05) differences in columns. Critical χ² (P = 0.05) for 4 degrees of freedom = 9.488. *Expressed relative to eggs still being incubated after candling at 21 days.
hatchability results in absolute terms were achieved in the reciprocal cross. Further research is required to enable a better understanding of this phenomenon, since it cannot be readily explained at present. Differences between the purebred genotypes and the Zimbabwean Blue × SA Black cross were of a smaller magnitude, albeit also significant (P < 0.05). In the comparison with the breeds and crosses, it should also be considered that SA Black females overall had a markedly higher overall egg and chick production than Zimbabwean Blue females, irrespective of the genotype of the sire 5 .
Female age
In the resource population used, overall hatchability was lower in 2-year-old females, most likely due to lower levels of fertility 11 . Although the oldest age groups were still capable of good egg production, chick production declined owing to higher levels of embryonic mortality 7, 11 . The latter trend coincides with our findings in that young females had the lowest percentage of embryonic deaths during the 1st half and 2nd half of incubation. There was also an increase in overall embryonic deaths. The data suggest that females older than 8-10 years should be culled in breeding operations. The higher shell deaths can be related to changes in egg weight and shell quality with hen age, which is presumed to ultimately influence the hatchability of eggs 7, 11 .
Year
Even though year affected the hatchability of ostrich eggs, year effects are generally transient and unpredictable. Year effects may depend on typical climatic conditions; variation in the chemical composition of the raw materials used to compose diets and managerial regimes occurring for that specific year. Although eggs being incubated are shielded from changes in atmospheric climate conditions by a climate controlled environment, it is conceivable that ambient climatic conditions may affect eggs prior to incubation. However, such effects are poorly understood at present and are still being investigated. It would suffice to state that year effects are not repeatable and average performance in a given year cannot be predicted with any reasonable accuracy. Such effects have, therefore, little practical application, except for the identification of possible long-term trends.
Season
The highest overall shell deaths of 53.6 % in autumn are, in the context of ostrich production, probably irrelevant because autumn usually falls in the normal rest period of the breeders. Furthermore, most of the relatively small number of eggs designated as autumn eggs was acquired only over a single season. Moreover, since only part of the flock was involved, eggs had to be stored for slightly longer periods than usual to utilise incubator space optimally. The other seasons were represented throughout the experimental period, and results are probably more representative. In the other seasons, shell deaths were highest during winter at 29.2 %. From this level, embryonic deaths declined by 1.8 % towards summer ( Table 3) . These results differ from those of Wilson et al. 39 that hatchability for the set number of eggs decreased linearly as the breeding season progressed. In this study the hatchability of fertile eggs increased as the breeding season progressed from winter to summer. Whereas the summer season resulted in the lowest proportion of embryonic deaths for ostrich eggs in the present study, the winter season resulted in the best hatching results for duck eggs 9 . The slight increase in embryonic mortality early in the breeding season should be balanced against the higher overall egg production in the winter and spring seasons compared with the summer. Egg output was found to taper off in the period leading to and after the summer solstice 15, 23 . This effect is clearly discernible in the egg numbers provided in Table 3 .
Storage time
Embryonic mortalities in the 1st half of the incubation period increased nearly 2-fold in eggs stored for >7 days. Sahan et al. 28 correspondingly found that late embryonic deaths increased from 14.3 % in eggs stored for 1 day to 18 % in eggs stored for 10 days. In this study, embryonic mortalities in the 2nd part of incubation increased by 4.1 % after 6 days of storage, corresponding to the proportion of mortalities in eggs that were set directly. Ar et al. 2 also reported a significant increase in rotten ostrich eggs after 7 days of storage. In this study, rotten eggs increased by about 5 % for eggs stored for more than 6 days. The results suggest that fresh eggs have higher embryonic deaths in the 2nd half of the incubation period compared with eggs stored between 1 and 6 days. Understandably this was also reflected in higher overall embryonic mortalities in freshly-packed eggs. These results are in accordance with findings by Ar et al. 2 . Narahari et al. 25 , Fasenko et al. 16 , Deeming 12 , Wilson et al. 39 and Horbañczuk 21 who reported that hatchability decreased as the duration of pre-incubation storage time for ostrich eggs increased.
Incubator
As with other species of birds, the physiological requirements of the developing ostrich embryo can be met during artificial incubation by provision of appropriate temperature 34 , humidity 30 , the correct gaseous environment 37 and the proper turning of eggs 36 in automatic incubators. There are currently a number of commercially available ostrich incubators on the market, ranging from wooden incubators which provide only temperature control and air circulation to those that allow electronic control of all variables. In our study, all the incubators were of the latter type. All the incubators were set to provide the same conditions with regard to temperature, 36°C and RH, 24 %. Despite this, there was differential embryonic mortality. The African Incubator ® had the highest proportion of shell deaths in the 1st half of the incubation period and also the highest overall embryonic deaths. Because this incubator was mainly used during winter and spring, when egg production outstripped the capacity of the other incubators, this trend could not be attributed to usage during seasons when high levels of embryonic mortalities were expected. Conversely, its undesirable performance could rather be attributed to temperature gradients caused by suboptimal incubator design, which was evident in the fluctuation in temperature readings taken in its compartments throughout the breeding season. Exposure to heat stress can have a significant influence on hatchability of eggs 1 and high temperatures can lead to an increase in early-and late-embryo mortalities 3, 17, 18 . The same detrimental effect on hatchability was also shown in ostrich eggs, where severe temperature gradients were shown to exist in forced-draught wooden incubators 35 . The use of a combination of incubators resulted in a significantly higher level of late embryonic mortalities (25.1 %). We did not find any corresponding literature in other avian species, but it seems reasonable to postulate that the increased handling of these eggs may have contributed to this result.
CONCLUSIONS
This study did not attempt to clarify infectious causes of embryonic mortality of ostrich eggs, since the pathogens involved in a minority of rotten eggs were not identified. It has to be conceded that embryonic mortalities probably originate from a number of multi-factorial causes, which cannot be dealt with exhaustively in a single paper. However, a number of non infectious effects related to embryonic mortality of ostrich eggs could be identi-fied. Some have direct and immediate application, such as the culling of females older than 8-10 years from the breeding flock, the storage of eggs for only 1-6 days where at all practicable, and to assure that all incubators are set optimally for maximised hatching success. It also seems to be a good management practice to minimise the transfer of eggs being incubated between incubators. Furthermore, an extended research effort is indicated as far as the observed bloodline effects are concerned. Such studies may play a major role in the better understanding and eventual resolution of the problem of production losses in commercially incubated ostrich eggs.
